OBJECTIVES: Graft flow in coronary artery bypass grafting (CABG) may be determined by the anatomical and pathological characteristics of the coronary artery and target myocardium. Our goal was to explore the relationships between graft flow and the cardiac/coronary parameters in CABG.
INTRODUCTION
Blood flow through a graft is a critical factor used to determine the clinical outcome of coronary artery bypass grafting (CABG). However, the target of the graft anastomosis is in general decided simply on the basis of the physician's view of the results of the fluoroscopy coronary angiogram study. The standard criteria for the target coronary artery that the physicians would be looking for include (i) the artery having 1.0 mm or more in internal diameter, (ii) the artery having 70% or more stenosis proximally and good run-off distally, (iii) the artery presenting in the surgically approachable epicardium and (iv) the artery perfusing a relatively large viable myocardium. These largely subjective criteria are factors that would introduce inconsistency in the clinical outcome of CABG and work against the evidence-based standardization of CABG.
Graft flow in CABG is theoretically determined by conduit quality, competitive native flow and the blood flow reserve of the target myocardium, in addition to the technical variations. Clinically, quantity and quality of the graft flow are directly evaluated by an intraoperative transit time flow measurement (TTFM) that yields the mean graft flow (MGF), pulsatile index (PI) and the diastolic flow fraction (DF). The PI is calculated from the difference in the peak systolic flow minus the peak diastolic flow divided by the median flow to estimate the resistance in the graft, whereas the DF is calculated as the percentage of the total flow during diastole. Based upon results from the TTFM study by D'Ancona et al., the European Association for Cardio-Thoracic Surgery and the European Society of Cardiology proposed the guideline that estimates graft failure and recommends graft revision intraoperatively [1, 2] . Competitive native flow and fractional flow reserve were reported as affecting the anatomical parameters of the bypass graft flow [3, 4] . Moreover, the in-depth anatomy of the major coronary arteries, such as the internal diameter or the calcium content or the left ventricular mass volume (LVMV) perfused by a specific coronary branch is quantitatively evaluated by a thin-slice cardiac computed tomography (CT) scanning study, warranting further preoperative anatomical assessment of the coronary artery tree and the target myocardium.
Based on the hypothesis that graft flow in CABG may be determined by the anatomical and pathological state of the coronary artery and the target myocardium, our goal was to explore relationships between intraoperative graft flow and the preoperatively measured cardiac and/or coronary parameters and to propose a predictive factor for abnormal grafts that potentially induces graft failure.
MATERIALS AND METHODS

Cohort and data collection
The departmental surgical database contained a consecutive series of 78 patients undergoing isolated CABG in Osaka University Hospital between January 2014 and December 2014. Of these, 63 patients who were examined by cardiac CT scanning within 14 days postoperatively were enrolled in this study. Medical charts and referral letters were reviewed to obtain the data, including analysis of the cardiac CT scans. Data collection was performed between February 2016 and March 2016 under the approval of the institutional review board. Preoperative patient characteristics are presented in Table 1 .
Institutional standard surgical care for patients having coronary artery bypass grafting Surgical indications and approach for patients who had coronary artery disease were determined in an institutional weekly heart team meeting, primarily based on the fluoroscopy-based coronary angiogram, to achieve consistency in the institutional surgical care regardless of the individual physician or surgeon. The standard approach for CABG was a full median sternotomy, off-pump, use of arterial conduits and complete revascularization under end-tracheal intubation, general anaesthesia and right heart catheter monitoring. The standard graft design was (i) the in situ internal thoracic artery (ITA)-left anterior descending artery as an individual graft, (ii) another ITA and/or radial artery for the left circumflex territory as an individual or a composite graft with ITA and radial artery and (iii) a vein or artery conduit for the right coronary territory, dependent on the degree of proximal stenosis. As a result, 104 individually bypassed grafts, including 59 left ITAs, 12 right ITAs and 33 saphenous vein grafts (SVGs), were analysed in the cohort of 63 patients; patients with a composite graft or a graft having a sequential anastomosis were excluded from the analysis.
The ITA and radial artery were harvested using the pedicle technique, whereas the SVG was harvested using the open, standard technique. The graft anastomosis was secured using a 7-0 polypropylene suture. Graft flow was measured intraoperatively by TTFM in all cohorts after the graft anastomosis was completed and before protamine was given. If sufficient graft flow was not obtained, graft revision was considered and performed until diastolic graft flow was confirmed. Postoperatively, aspirin, nitroglycerine and calcium blocker were prescribed on postoperative Day 1. The patients were routinely examined by cardiac CT scanning prior to discharge from the hospital unless they had grade 3 or more chronic kidney disease. Subsequent clinical progress of the cohort was determined by follow-up visits to the institutional outpatient clinic every 3 months.
Intraoperative transit time flow measurement
The VeriQ system TTFM device (MediStim Inc., Oslo, Norway), equipped with 3-mm or 4-mm probes, depending on the size of the graft, was used intraoperatively to measure the transit time flow of the grafts. Under stable haemodynamic conditions, such as a systemic mean blood pressure (MBP) of 60-80 mmHg or a heart rate (HR) of 70-90 bpm, without the support of a mechanical device such as cardiopulmonary bypass or an intra-aortic balloon pump, the TTFM system yielded (i) the mean graft flow volume (MGF, ml/min), (ii) the PI, calculated as (maximum flow volume-minimum flow volume)/(mean flow volume) and (iii) the DF, calculated as (flow volume of the diastolic phase)/(flow volume of the systolic phase + flow volume of the diastolic phase). At the time of the measurement, HR, MBP, central venous pressure and cardiac output were recorded for further off-line analysis. An abnormal graft was defined as a bypassed graft having a PI >5.0 and an MGF <20 ml/min in the ITA and an MGF <40 ml/min in the SVG, according to the European Society of Cardiology/European Association for Cardio-Thoracic Surgery 2010 guidelines and the report by Lehnert et al. [1, 5] .
Cardiac computed tomography scanning study
Cardiac CT images were obtained using a 64-channel multidetector CT scan system (Toshiba Aquilion ONE, Toshiba Medical Systems Corp., Tokyo, Japan). A total of 40-50 ml of contrast agent was injected by a mechanical injector at a rate of 4.0-5.0 ml/s by a bolus tracking technique under a HR of 50-70 bpm controlled by an injection of Landiolol chloride. Scanning parameters used for Anatomical analysis of coronary arteries, grafts and heart by the Vincent system
The cardiac CT images were analysed using the Fujifilm Synapse Vincent system (Fujifilm Corporation, Tokyo, Japan), which is used to analyse 3D CT images in various medical fields [6] . This software automatically identifies the major coronary arteries and their branches to quantitatively evaluate internal/external diameters and the calcium score (Agatston score) of the artery at the diastolic phase (Fig. 1 ). The calcium scores proximal and distal to the graft anastomosis were measured. In addition, this software automatically calculates the global LVMV by subtracting the luminal LV volume from the outer LV volume during the diastolic phase as a 3D image. Furthermore, distal LVMV from the respective coronary artery level, which means perfused LV volume and distal flow demand, is calculated. The diameter of the coronary arteries was measured longitudinally from the axial images of the CT coronary angiogram, including the diameter of the artery at the distal anastomosis site. The diameter of the most stenotic lesion of the native coronary artery was detected using fluoroscopy-based coronary angiogram as a reference.
Statistical analysis
Continuous data are presented as the median with the interquartile range and were analysed using 2-tailed t-tests or compared with a Mann-Whitney test for independent data, as appropriate. Categorical variables are given as a count and percentage of patients and compared using the chi-square or the Fisher's exact test.
The correlation between parameters obtained by echocardiography and cardiac CT and TTFM data was assessed using Pearson's correlation coefficient. A P-value of <0.05 was considered significant. All data were analysed using the Statistical Analysis Systems software JMP 12.0 (SAS Institute Inc. Cary, NC, USA).
RESULTS
Clinical outcomes of the cohort
There were no 30-day or in-hospital deaths in the cohort. Perioperative complications included atrial fibrillation in 6 patients, late cardiac tamponade in 1 patient, re-exploration for bleeding in 1 patient, surgical site infection in 2 patients and prolonged ventilation (>72 h postoperatively) in 2 patients. No patients required reintervention for ischaemic events at the 3-month follow-up visit. During the follow-up period of 413 (268-531) days postoperatively, no deaths occurred; major adverse cardiac events included 3 cases requiring additional percutaneous coronary intervention for new lesions.
Successful measurement of transit time flow under stable haemodynamics
Transit time flow of the grafts was measured intraoperatively under stable haemodynamic conditions. In the 104 individual grafts analysed, the mean MGF, PI and DF were 32 (21-56) ml/ min, 2.5 (1.9-3.4) and 71 (65%-76%), respectively; the MBP was <73 (67-80) mmHg, the HR was <78 (69-87) bpm, the central venous pressure was <7 (4-9) mmHg and cardiac output was <3.7 (2.7-4.4) ml/min, as measured by the right heart catheter. The MGF was significantly correlated with the cardiac output (r = 0.2437, P = 0.015). The PI was not significantly correlated with these haemodynamic parameters. The DF showed a significant negative correlation with the HR (r = -0.2318, P = 0.025) and a positive correlation with the cardiac output (r = 0.2669, P = 0.0073). Successful cardiac computed tomography scanning-based anatomical analysis of the coronary arteries
The external and internal areas of the major coronary arteries and distally perfused LVMV of the respective coronary arteries were analysed using the Vincent system based on the cardiac CT scanning data. As a result, the CT scan-based average of the percentage of stenosis of the coronary artery was 85% (76-99%). The LVMV perfused by the stenotic coronary artery was 29 ml (19-47 ml), whereas the diameter of the coronary artery at the graft anastomosis was 1.68 mm (1.46-2.05 mm). In addition, the calcium score of the diseased coronary artery, which was calculated from the CT scan images, was 183 (84-338). The scores proximal and distal to the graft anastomosis were 167 (70-328) and 0.7 (0-14), respectively.
Correlation between graft flow and coronary artery anatomy
Correlation of the intraoperative graft flow, such as transit time flow-based MGF, PI or DF, with CT scan-based coronary and LV anatomy, was explored statistically. The MGF displayed a positive correlation with the percentage of stenosis of the coronary artery, the respective LVMV and the diameter of the coronary artery with a statistical significance ( Fig. 2A-C) . In addition, the PI displayed a negative correlation with the percentage of stenosis of the coronary artery and the diameter of the coronary artery, but not the respective LVMVs (Fig. 2D-F) . Furthermore, the DF displayed a positive correlation with the respective LVMV and the diameter of coronary artery but not with the percentage of stenosis of the coronary artery ( Fig. 2G-I ). In contrast, the MGF, PI and DF were not significantly correlated with the calcium scores of the coronary arteries.
Influences of difference in side of target coronary arteries and bypassed graft type
The grafts included 71 arterial grafts to coronary arteries on the left side, and 17 and 16 vein grafts to the coronary arteries on the right and left sides, respectively. There was no significant difference in the MGFs among the 3 groups. Although the PI of the arterial grafts on the left side [2.3 (1.9-2.9)] was significantly lower than that of the vein grafts on the right side [3.4 (2.3-5.2), P = 0.012], there were significant differences in the DF between the 3 groups [left side arterial grafts, 73 (69-77); right side vein grafts, 59 (46-65) and left side vein grafts, 67 (60-72), P <0.0001] (Fig. 3A-C) . In arterial grafts to coronary arteries on the left side, the MGF was positively correlated with percentage of stenosis of the coronary artery, the perfused LVMV and the internal diameter of the coronary artery at the distal anastomosis site (Fig. 4A-C) . The PI had a significant correlation with the percentage of stenosis and the internal diameter of the coronary artery at the distal anastomosis site. The calcium score of the proximal target coronary was insignificantly correlated with that of the PI (Fig. 4D-F) . In vein grafts to coronary arteries on the left side, the MGF was positively correlated with the perfused LVMV and had an insignificant correlation with the calcium score of the proximal target coronary ( Fig. 5A and B) . However, there were no significant correlations between TTFM and CT parameters in vein grafts to the coronary arteries on the right side.
Abnormal graft flow predicted by diameter and calcium score of the coronary artery Fig. 6A and B) , the internal diameter of the coronary artery at the distal anastomosis site was significantly smaller in the abnormal grafts [1.35 (1.15-1.64) mm] than that in the normal grafts [1.71 (1.5-2.1) mm, P = 0.0065, Fig. 6C ]. In addition, the calcium score of the target coronary artery was significantly higher in the abnormal grafts [364 (128-710)] than that in the normal grafts [177 (81-321), P = 0.0061, Fig. 6D ]. Although there was no significant difference in the score proximal to the graft anastomosis [416 (98-785) vs 165 (69-312), P = 0.19], the score distal to the graft anastomosis was significantly higher in the abnormal grafts [40 (4-61) vs 0.4 (0-10), P = 0.014]. The receiver-operator characteristic curve revealed that 1.71 mm was a cut-off value of the diameter of the coronary artery with an area under curve of 0.78 and that 38 was a cut-off value of the calcium score of the distal target coronary artery with an area under the curve of 0.75.
DISCUSSION
In CABG, graft failure is not an infrequent event, and the occurrence rate was reported to be 5-20% (4, 5, (7) (8) (9) (10) (11) (12) . TTFM is widely recognized as a useful device to evaluate graft quality during the operation. Niclauss recently reviewed previous publications reporting TTFM findings and discussed the advantages and limitations [10] . In the review article, MGF had a positive predictive value, and at least 20 ml/min was the acknowledged threshold for ITA. In SVG, 30-40 ml/min was proposed as sufficient graft flow. On the other hand, PI had a positive correlation with systolic reverse flow and predicted competitive flow. Increased fraction flow reserve led to an increase of the mean PI, and the increased PI was associated with graft failure. Since the DF was not commonly used to evaluate graft quality in the previous studies, the effectiveness is still unknown, but DF <50% was thought to be an indicator of competitive flow. Regarding limitations of TTFM, a randomized trial revealed that the sensitivity and specificity to detect an insufficient graft were lower (25% and 98%) compared to that of indocyanine green angiography.
We herein document the relationships between the intraoperatively measured graft flow and the cardiac anatomical/functional parameters measured by cardiac CT scanning studies. The contemporary cardiac CT scanning study is less invasive but less accurate in the diagnosis of the coronary artery anatomy than standard fluoroscopy-based coronary angiography. Cardiac CT scanning can, however, provide quantitative information in addition to that obtained with standard angiography, such as the calcium score of the coronary artery or the perfused LVMV, both of which are theoretical determinants of the quality of the blood flow through the grafts in CABG. In fact, this study showed that the perfused LVMV was significantly correlated with MGF and DF and that the calcium score was a significant factor in determining the flow abnormality of the graft. In addition, the parameters measured by cardiac CT scanning, such as percentage of stenosis or the diameter of the coronary arteries, were not different from those obtained by standard angiography, indicating a rationale for using cardiac CT scanning to quantitatively assess these parameters.
Percentage of stenosis, diameter of the target coronary artery and the LVMV perfused by the targeted coronary artery are the 3 major factors used to determine the quantity and quality of the graft flow in CABG. This study clearly identified a relationship between these 3 factors and the intraoperatively measured graft flow. Moreover, this work explored potential factors to predict abnormal grafts, defined by guidelines such as the diameter and the calcium score of the coronary artery as assessed by cardiac CT scanning. These results support our theory that graft flow in CABG can be determined from the anatomy and pathology of the coronary artery and the target myocardium. In addition, the results of this study suggest that graft flow could be predicted from preoperative cardiac CT scanning analysis. Coronary artery calcium has recently been recognized as an important predictor of coronary events and heart failure [13] [14] [15] . However, coronary artery calcium has not been fully evaluated and analysed in the area of cardiovascular surgery. The present study showed that the calcium score distal to the graft anastomosis may be able to predict the risk of abnormal grafts and that the calcium score may indicate the distal run-off of the coronary artery as a new parameter. Based on these results regarding the indications for off-pump and on-pump CABG, pump support is sometimes required to approach the target coronary arteries with sufficient diameter. However, these correlations were observed primarily in left-side bypassed grafts. The right-and left-side grafts can have different perfusion characteristics and flow parameters. Though the groups had different sample sizes, right-side vein grafts had a relatively lower MGF, higher PI and lower DF. Additionally, the right side coronary artery perfused not only the LV but also the right ventricle. A lack of information on the right ventricle in the present study hinders a refined evaluation of right-side grafts.
In contrast, this work yielded several results that are difficult to interpret, such as the relationship between the PI and the perfused LVMV or the relationship between the DF and the percentage of stenosis. These inconsistent data may be the result of limitations in the TTFM measuring technique, which is influenced by many different factors, such as cardiac haemodynamics, antegrade/retrograde competitive flow, percentage stenosis of the native coronary artery, distal run-off or resistance of the distal artery, although the TTFM measurements were performed under consistent haemodynamics, including MBP, HR or cardiac output [4, 5, [16] [17] [18] . In particular, resistance in the distal artery is a factor that was not evaluated in this study. Because it has been suggested that vascular resistance is not necessarily correlated with myocardial volume, particularly in the infarct and/or the hypertrophic myocardium, the measurement of fraction flow reserve and microvascular resistance of the target coronary artery by a preoperative catheter study may add further information to measuring the TTFM. One might claim that the TTFM was less efficient at detecting failing grafts than indocyanine green angiography, as reported from the result of a randomized study. However, the quantitative data obtained by the TTFM, such as MGF, PI or DF, may be associated with the long-term functionality of the grafts because these factors are influenced by patient's specific multifactorial conditions. However, further studies are needed.
Limitations
This study had several limitations. It was a retrospective rather than a randomized study. The lack of CT studies for 15 patients may have resulted in selection bias. The CT study cannot account for viable myocardium and percentage of scarring; therefore, cardiac magnetic resonance imaging may be a better modality to evaluate the LV mass. Because the data were based on the premise of good graft anastomoses, the influence of technical error was not fully excluded. Helpful parameters regarding inotropic agents and retrograde competitive flow were not obtained. Finally, long-term patency was not evaluated; therefore, the possibility of obtaining results to predict long-term patency was not determined.
CONCLUSION
In conclusion, intraoperatively measured MGF, PI and DF in CABG were associated with cardiac anatomical and physiological parameters measured by cardiac CT scanning studies. Perfused LVMV and the percentage of stenosis and the diameter of the target coronary artery were factors relevant to MGF. On the other hand, the PI was unaffected by haemodynamics, and greater percentage stenosis and diameter of the coronary artery was associated with decreased PI. Additionally, greater diameter and lower calcium score of the target coronary artery were important to avoid graft failure.
